Abstract: Polysilane/fullerene bulk heterojunction solar cells were fabricated on indium tin oxide electrodes by a spin-coating method, and performance and microstructures of the solar cells were investigated. Decaphenylcyclopentasilane (PDPS), polymethlyphenylsilane (PMPS) and [6,6]-phenyl C61-butyric acid methyl ester (PCBM) were used for the solar cells. The conversion efficiencies of PDPS:PCBM solar cells were higher than those of PMPS:PCBM devises. Transmission electron microscopy and X-ray diffraction indicated that PDPS:PCBM layer had a nanocomposite structure.
Introduction
Solar cells are expected to solve problems of environmental pollution and exhaustion of fossil fuel, and practical use of solar energy are needed. Organic thin film solar cells have an advantage for renewable energy resources because of their low cost, flexible, lightweight and simple fabrication process [1] [2] [3] . Recently, polymer solar cells based on poly-3-hexylthiophene and [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) are used as typ- * E-mail: oku@mat.usp.ac.jp ical material system for the active layer, and conversion efficiency of ∼5% was obtained [4] [5] [6] .
Polysilanes are known as σ -conjugate polymers, and have possibility for electrical conductors with hole mobility of 10 −4 cm 2 V −1 s −1 [7] . Although the polysilanes could be applied to organic semiconductor devices for these characteristics [8, 9] , few studies on polysilane solar cells have been reported [10] .
The purpose of the present work is to fabricate and characterize polysilane:PCBM bulk heterojunction solar cells. Polymethlyphenylsilane (PMPS) and decaphenylcyclopentasilane (PDPS) were used as p-type semiconductors and PCBM was used as n-type semiconductor. Relationship between conversion efficiency and microstructures were also investigated. Figure 1 shows atomic structures of PMPS, PDPS and PCBM. Indium tin oxide (ITO) glass plates (Geomatec, ∼10 Ω? −1 ) were cleaned by an ultrasonic bath with acetone and methanol, and were dried by nitrogen gas. A thin layer of polyethylendioxythiophen doped with poly-3,4-ethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS, Sigma Aldrich) was spincoated on the ITO substrates. Then, semiconductor layers were prepared on a PEDOT:PSS layer by spin coating using a mixed solution of PCBM (Frontier Carbon), PMPS (Osaka Gas Chemical) or PDPS (Osaka Gas Chemical) in 1 ml o-dichlorobenzene. Total weight of PCBM:PMPS or PCBM/PDPS were 10 mg, and weight ratios of PCBM:PMPS were 4:6 and 2:8, and those of PCBM:PDPS were 1:9, 3:7, and 5:5.
Experimental procedures
After annealing at 140 Current density-voltage (J-V) characteristics (Hokuto Denko, HSV-100) of the solar cells were measured both in the dark and under illumination at 100 mW cm −2 by using an AM 1.5 solar simulator (San-ei Electric, XES-301S). The solar cells were illuminated through the side of the ITO substrates, and the illuminated areas were 0.16 cm 2 . Optical absorption of the solar cells was investigated by means of photo spectroscopy (JASCO, V-670ST). Transmission electron microscope (TEM) observation was carried out by a 200 kV TEM (Hitachi, H-8100). Figure 3 shows photo absorption spectra of PMPS:PCBM and PDPS:PCBM bulk heterojunction solar cells. Polysilane:PCBM structures provided higher photo-absorption in the range of 300-400 nm. An absorption peak at ∼350 nm for the polysilanes:PCBM structure is due to PCBM. Since the contribution of PDPS and PMPS on light absorption in the visible part of the solar spectrum is not so strong, changes of energy gaps by structural change would be necessary. sample. An X-ray diffraction pattern of PDPS:PCBM bulk heterojunction thin film is shown in Figure 5 . Diffraction peaks corresponding to PDPS and PCBM crystals are observed. The particle sizes were estimated using Scherrer's formula: D = 0 9λ/B cos Θ, where λ, B, and Θ represent the wavelength of X-ray source, the full width at half maximum, and the Bragg angle, respectively. The crystallite sizes of PDPS and PCBM were determined to be 50.6 and 51.2 nm, respectively. Figure 6 (a), 6(b) and 6(c) are a TEM image, electron diffraction pattern and HREM image of PDPS:PCBM bulk heterojunction thin films, respectively. In Figure 6 (b), diffraction spots corresponding to PDPS and PCBM were observed. The TEM and HREM images of Figure 6 (a) and 6(c) indicate that the PDPS:PCBM have a nanocomposite lamella structure with a periodicity of ∼3 nm. The periodicity and length of the nanocomposite structures would be dependent on donor/acceptor ratio and annealing temperatures. Optimization of the donor/acceptor ratio and annealing temperatures would be effective for the suitable charge separation and charge transfer in the nanocomposite structures. An energy level diagram of the polysilane:PCBM solar cell is summarized as shown in Figure 7 . Previously re- ported values were used for the energy levels [11] [12] [13] . The incident direction of light is from ITO side. Energy barrier would exist near the semiconductor/metal interface. Exitons were generated by light irradiation from the ITO substrate side. Electrons are transported to an Al electrode, and holes are transported to an ITO substrate. It has been reported that a linear relation between V OC and the conjugated polymer oxidation potential [14] , and control of the energy levels is important to increase the efficiency. A relation between V OC and polymer oxidation potential is V OC = (1/ )(|EpolysilaneHOMO|−|EPCBMLUMO|)−0 3 (V), where is the elementary charge. The value of 0.3 is an empirical factor, and this is enough for efficient charge separation. In this work, the V OC of PDPS is higher than that of PMPS, which indicates that the difference In this work, higher efficiencies were obtained for the PDPS:PCBM sample with the weight ratio of 3:7 and 5:5, and they had nanocomposite structures as observed by TEM. The semiconductor interfaces would be increased by the formation of the nanocomposite lamella structure, which would improve the conversion efficiency.
Results and discussion

Conclusions
Polysilane:PCBM bulk heterojunction solar cells were fabricated and characterized. A device using PDPS:PCBM layers provided V OC = 0 40 V, J SC = 0 24 mA/cm 2 , F F = 0 34, and η = 0 032%, which were higher than those of PMPS:PCBM devices in the present work. Microstructures of the PDPS:PCBM solar cell were investigated by using XRD, which indicated nanocrystals with sizes of 50.6 nm and 51.2 nm for PDPS and
